Abstract. Detection of the radiation emitted from some of the earliest galaxies will be made possible in the next decade, with the launch of the James Webb Space Telescope (JWST). A significant fraction of these galaxies may host Population (Pop) III star clusters. The detection of the recombination radiation emitted by such clusters would provide an important new constraint on the initial mass function (IMF) of primordial stars. Here I review the expected recombination line signature of Pop III stars, and present the results of cosmological radiation hydrodynamics simulations of the initial stages of Pop III starbursts in a first galaxy at z ∼ 12, from which the timedependent luminosities and equivalent widths of IMF-sensitive recombination lines are calculated. While it may be unfeasible to detect the emission from Pop III star clusters in the first galaxies at z > 10, even with next generation telescopes, Pop III star clusters which form at lower redshifts (i.e. at z < 6) may be detectable in deep surveys by the JWST.
INTRODUCTION
In this contribution, I will address three key questions pertaining to the observational signatures of the first galaxies, and in particular to the prospects for the detection and identification of Pop III stars. These questions are the following:
• How can Population (Pop) III stars be identified observationally and their initial mass function (IMF) constrained? • How long did Pop III star formation continue after the epoch of the first stars?
• Will observational facilities in the coming years, and in particular the James Webb Space Telescope (JWST), be able to detect and identify Pop III stellar populations?
The next three sections are devoted to addressing these three questions in the order given above; in the final section I will briefly summarize the main conclusions.
THE SPECTRAL SIGNATURE OF POP III STAR FORMATION
It is well-known that Pop III stars are likely to be considerably hotter than present-day stars, for a given stellar mass (e.g. [3, 6, 9, 10] [17] ).
geared toward detecting this recombination line as an indicator of Pop III star formation [19, 21] (see also [4, 7, 11, 23, 27, 30] ), although to date no definitive detections on Pop III star formation have been reported. Nonetheless, the He II λ 1640 signature is likely one of the most reliable indicators of metal-free star formation and will continue to be sought using future telescopes (see e.g. [2] ). Helium recombination lines also afford a means to constrain the IMF of Pop III stars, potentially allowing to test different theoretical predictions for the characteristic mass of Pop III stars (e.g. of the order of 10 M ⊙ or 100 M ⊙ ). However, constraining the IMF using the ratio of the observed fluxes in He II λ 1640 and Hα or Lyα poses some challenges, owing to the evolution of the flux emitted in these lines. While the evolution of the massive stars in a cluster will alter its spectral characteristics [25, 26] , the photoheating of the gas surrounding the cluster will also lead to similar evolution [17] . In particular, as the gas surrounding the cluster is photoheated it expands, thereby allowing for the escape of ionizing photons into the intergalactic medium (IGM); as more ionizing photons escape, fewer are available to ionize the dense gas from which recombination lines are emitted, and the luminosity in those lines correspondingly drops.
The escape fraction of ionizing photons from Pop III stellar clusters forming in a first galaxy at z ∼ 12, as calculated from the simulations presented in [17] , are shown in Figure 1 . As this Figure shows, the escape fractions of H I-and He II-ionizing photons can differ greatly, leading to evolution of the ratio of the luminosities emitted in H I and He II recombination lines, thus complicating the use of such ratios as indicators of the IMF. For two simulations presented in [17] , the evolution of the flux visible in Hα is shown in Figure 2 ; as the escape fraction of H I-ionizing photons generally increases with time, the total flux is highest at early times, making the youngest clusters the most easily observed. Figure 3 shows the equivalent width (EW) of three prominent recombination lines for each of the four simulations presented in [17] . While the ratio of the fluxes in He II and H I recombination lines can be a problematic indicator of the stellar IMF, this Figure  shows that the EW of He II λ 1640 may be a more robust indicator, always being larger for clusters with the more top-heavy IMF regardless of the total mass in stars.
POP III STAR CLUSTERS FORMED AFTER REIONIZATION
It is likely that even surveys to be carried out by the JWST will not be deep enough to detect the first stars or galaxies at z ≥ 10 [1, 13, 17, 24], although Pop III supernovae (e.g. [14, 28, 31, 33] ) and perhaps stars powered by dark matter (DM) annihilation [12, 34] may still be detected. This provides motivation to consider whether Pop III star clusters may form also at lower redshifts, where IMF-sensitive recombination lines may be more readily detected.
In regions of the universe that undergo reionization at sufficiently early times (i.e. z ∼ 20), thereby quenching star formation in DM minihaloes, Pop III star clusters may form in the unenriched descendants of those minihalos at z ≤ 6. Figure 4 shows the predicted abundance of such clusters, for various assumptions on the reionization history, the minimum mass of halos which may host star formation after reionization, and the speed of external metal enrichment by neighboring galaxies [16] . As this Figure  shows , although likely to be very rare, such Pop III clusters may be abundant enough to [20] ). The He II λ 1640 EW for clusters of 100 M ⊙ stars is always higher than that for 25 M ⊙ stars, regardless of the total stellar mass in the clusters; hence, we conclude that the EW of this line is a robust indicator of a very top-heavy IMF (see [17] ).
be detected in the Deep-Wide Survey (DWS) to be carried out by the JWST [13, 32] .
PROSPECTS FOR DETECTION IN JWST DEEP SURVEYS
If the number density of Pop III stellar clusters at low redshift (e.g. z ≤ 6) is indeed high enough for some of them to lie within the area to be surveyed by the JWST, the question remains whether these clusters would be bright enough to be detected. Figure 5 shows the monochromatic Lyα flux predicted for such clusters, for different assumptions on the IMF, the minimum halo mass for star formation, and the star formation efficiency [16] . As the Figure shows , for a very top-heavy IMF and/or a high star formation efficiency, the JWST NIRCam may detect these clusters in the planned DWS. Furthermore, spectroscopic follow-up with NIRSpec may detect the He II λ 1640 flux, thereby allowing both for the confirmation of candidate Pop III star clusters and for constraints to be placed on the stellar IMF [16] (see also [8] ).
It should be noted that strong He II λ 1640 emission, while a telltale sign of Pop III star formation, does not in itself prove the existence of Pop III stars. Other observational signatures of Pop III star formation should thus be pursued. Among the other signs of Pop III star formation may be a distinct absence of metal emission or absorption lines. Additionally, unless the mixing of metals with the primordial gas is sufficiently slow (see e.g. [15] ), one would expect Pop III star clusters not to form in galaxies in which previous star formation and metal enrichment have occurred; instead, as discussed above, Pop III star formation may occur only in previously unenriched DM halos at z ≤ 6, and furthermore perhaps only in halos within typical distances of ∼ 1 Mpc comoving of galaxies which begin reionizing the IGM at z ∼ 20 [16] . The number density at which one cluster per unit redshift is expected to be within the planned JWST Deep-Wide Survey area is shown by the dotted line (see [16] ).
SUMMARY
In closing, I would like to highlight the following conclusions corresponding to the three key questions addressed in the work presented here:
• The Pop III IMF can be constrained with detection of helium recombination emission (particularly the He II λ 1640 line). This emission varies due to both stellar evolution and hydrodynamic evolution of photoionized regions.
• In rare regions which are reionized at early times, Pop III star formation may extend well beyond the epoch of the first stars and galaxies.
• If this is so, then planned JWST surveys may detect Pop III stellar clusters at redshifts z < 6 and allow for constraints to be placed on the IMF.
